Introduction
It is well known that the electron delocalization in an amide leads to a partial double bond charac ter of the central carbon-nitrogen bond. This is confirmed by the relatively large energy barriers which have been observed for rotation around this bond in various amides [1] [2] [3] [4] .
Nuclear magnetic resonance spectroscopy pro vides a most convenient m ethod of investigating the hindered rotation around a covalent bond. This principle was dem onstrated for N,N-dimethylformamide as a low molecular weight ana logue [3] [4] [5] [6] . As a result of the partial double bond character of the carbon-nitrogen bond, the rota tion around that bond is relatively slow at room tem perature. Therefore the magnetic nonequiva lence of the hydrogen atoms in the methyl groups cis and trans to the carbonyl oxygen leads to two signals in the NMR spectrum. On the other hand, long-chain polymer mole cules such as polyamides exhibit a large variety of conformations in solution. There is only little information about the rate of interconversion of the various accessible conformations. Interconver sion processes have been investigated for the spe cial case of helix-coil transitions of polypeptides and polynucleotides [7, 8 ] as well as for the case of helix-helix transition in poly(L-proline) [9] [10] [11] . Investigations on poly(N-acyl)iminoethylenes and particularly for poly(N-acetyl)iminoethylene by low resolution NMR spectroscopy have been re ported [12] [13] [14] [15] . The aim of this study was to investi gate the effect of the substituent at the side and the main chain of poly(N-acyl)imino-alkylenes on the coalescence tem perature. To this purpose, poly(Nacetyl)iminoethylene, poly(N-propionyl)iminoethylene, and poly(N-acetyl)-2,2-di-methyliminoethylene were synthesized and their tem peraturedependent 13C NMR spectra recorded.
Experimental Section
Polymers: Poly(N-acetyl)iminoethylene [16] , poly(N-propionyl)iminoethylene [17] , and poly-(N-acetyl)-2,2-dimethyl iminoethylene [18] were synthesized by cationic polymerization in solution of 2-methyl-2 -oxazoline, 2 -ethyl-2-oxazoline, and 2,4,4-trimethyl-2-oxazoline respectively, using bo ron trifluoride etherate as initiator (l-m ol% ). The polymers were purified by precipitation from dichloromethane.
Poly(N-acetyl)iminoethylene: 13C N M R Spectra were recorded on a Bruker AC 250 spectrometer with a variable-tem perature probe. In the absence of an external source of heat, the tem perature of the samples was 296-297 K. Chemical shifts were specified with refer ence to tetramethylsilane (TMS). All the other conditions are described in the legends.
Results and Discussion
In order to study and compare the hindered rotation around the amide bond, poly(N-acetyl)-iminoethylene 1, poly(N-propionyl)iminoethylene 2, and poly(N-acetyl)-2,2-dimethyl iminoethylene 3, were synthesized.
The carbonyl, methylene and methyl signals of the 13C NM R spectra of 1, 2, and 3 were used to investigate whether the interactions of the sub stituent groups at the side and main chain lead to-a change in the hindered rotation around the amide bond.
Generally, the spectra were recorded at 5 -1 5 K intervals from 296-348 K and in the range of the coalescence tem perature, Tc, at 1 -5 K intervals. Tc was determ ined as the lowest tem perature at which the two (for 3) and four (for 1 and 2) signals coalesce to give a single signal (see Figs The presence of an ethyl group bonded to the carbonyl group in the side chain of 2 as well as two methyl groups in the main chain of 3 shifts the carbonyl carbon signal to higher field with respect to 1. This is explained by steric perturbation of the carbon nuclei, known as steric compression shifts [19, 20] .
Miron et al. [13] postulated a splitting of the methyl proton absorption of 3 into four signals. They used low-resolution *H NM R spectroscopy (60 MHz) but did not prove their postulate. The spectrum showed a broad signal corresponding to the methylene protons, which could not be re solved and a C O C H 3 doublet separated by 7 Hz coalescing at 79 ± 2 °C.
The spectra of the three compounds show a dif ferent tem perature-dependent behaviour. At room tem perature, the carbonyl signal of 1 is split into four signals with an intensity ratio of 40:28:15:17 which can be observed up to 323 K (see Fig. 1 ). At 336 K the two low-field as well as the two high-field signals merge into two reso nances which coalesce at 340 K. A similar behavi our is observed for the methyl signals. Four main signals are present at room tem perature, at tem peratures higher than 336 K only one resonance can be detected.
Substitution of acetyl by a propionyl substituent results only in m odest changes in the coalescence tem perature. For 2, Tc of the carbonyl resonances is lowered to 338 K (see Fig. 2 ), whereas Tc of the methyl signals is changed to 328 K. In addition the m ethylene groups coalesce at 323 K.
The greater mobility of the polymer molecule as a result of an increase of tem perature is also re flected in the tem perature-dependent line widths of the m ethylene and methyl signals in 1 and 2 . W hereas in 1 a significant decrease in signal line width is observed at tem peratures higher than 333 K (see Fig. 3 ), in 2 a linear decrease of the m ethylene and methyl signal line widths from 8 -10 Hz to 2 Hz is observed (see Fig. 4 ).
For compound 3, at room tem perature, two main carbonyl signals in an intensity ratio of 70:30 are observed, the chemical shift difference of which gradually decreases with higher tem per atures (see Fig. 5 ). For 1 and 2, Tc was determ ined directly from the spectra. In the case of 3 it was determ ined from the plot of A v versus T (see Fig. 6 ) for safety precautions with respect to tem peratures higher then 373 K. Fig. 7 shows the tem perature dependent behavi our of the methyl signals of 2. The signal intensity decreases with increasing tem perature up to the coalescence of the resonances into only one signal (328 K). Higher tem peratures result in reduced signal line width. Thus the exchange process among the different structures resulting from the hindered rotation around the amide bond can be m onitored in the tem perature range between 297-348 K.
A rough estimation of the energy barriers in the polymers investigated was made using the chemi cal shift differences of the distinct carbonyl m ethy lene and methyl groups together with the observed Tc values. In the case of the methyl groups of 2 an almost equal population is observed in the room tem perature spectrum. Therefore the rate con stant kc for hindered rotation at Tc can be d eter mined using the following equation: kc = (jtA vc/J 2 where A vc corresponds to the true chemical shift difference at the coalescence temperature. It was assumed that the effect of the chemical exchange on the apparent chemical shift difference A v c is negligible and it was approximated to the true chemical shift difference Av. The activation energy A G C # was then calculated according to [21] :
A G C * = 4.57 Tc (10.32 -log kc/Tc)
The value of 17.5 kcal/mol fits well those ob tained from data from the carbonyl and the m eth ylene group (Table 1) , despite the very rough esti m ation used for the calculation of these values. It is interesting to observe that Tc for 2 is generally lower than that of 1 the one hand and 3 on the other is difficult, be cause these values were obtained at different co alescence tem peratures. Nevertheless, the pres ence of two methyl groups at the backbone chain strongly increases the coalescence tem perature for hindered rotation. This significant effect of the substituent on the hindered rotation of these polyamides (1, 2, and 3) was not observed for other polyamides such as poly(succinylpiperazine), poly(adipylpiperazine) and poly(sebacylpiperazine), which did not show an effect of the substituent on the coalescence tem perature Tc [14] . Bovey and Tiers [22] found that the attachm ent of the amide bond to the backbone in poly(acrylamide) and poly(methacrylamide) did not strongly influence the rate of rota tion around the amide bond.
In general the splitting of signals has been also observed with poly(N-formyl)imino-ethylene [15] and poly(N-formyl)imino-propylene [12] . This may be explained by assuming the presence of syn and anti conformations with respect to the car bonyl oxygen of the amide bond, and that these conformations exchange slowly.
If one considers an isolated m onom er unit or only the closest neighborhood of the alkyl group, rotation around the carbon-nitrogen bond could not be expected to change the environm ent of the carbonyl carbons. Also it should not be possible to explain the splitting of the signals. However, it might be explicable in terms of four possible dyad structures in which each of the two acyl groups take up either the anti or syn conformation. A c cordingly, four distinguishable situations with re spect to the conformation of the amide group are possible (see Scheme 1) .
By analogy with low molecular weight com pounds [23, 24] for 1 and 2 the most intense peaks for each group may be assigned to structure 4, with the majority of the population possessing this dyad structure was the greatest. The upfield signal is attributed to the carbonyl carbon identified as 0 = C '-R ] and the downfield signal to the 0 = C 2-R ! carbon. For 3 it is assigned to structure 1, which has the more intense peak at up-field which is attributed to the steric effect. tional barrier for the hindered rotation around the -c -------n --------c h , --------c --------n --------c h 0 -amide bond. I ' i I I. R,
